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We present an initial construction of a general framework for numerical simulation of the various possible types of scenarios that could possibly occur for the detection and remote activation of improvised explosive devices (IEDs) by excitation of incident electromagnetic waves. This general framework consists of a set of component models, each of whose structure permits the output of given types of information. The primary component model of this framework, to which the outputs of all the other component models are inputs, is that of an S-matrix representation of a multilayered composite material system, where each layer of the system is characterized by an average thickness and effective electric permittivity function. The outputs of this primary component are the reflectivity and transmissivity as a function of frequency and incident angle of the incident electromagnetic wave. The other component models, whose outputs are input to the S-matrix model, are response spectra calculated using density functional theory (DFT) and related methodologies, parameterized analytic function representations of the electric permittivity as a function of frequency obtained by fitting experimentally measured spectra, and effective permittivity functions whose construction is based on effective medium theory (EMT) and roughness models. We review those physical theories establishing the foundation of the component models and a prototype simulation that considers response characteristics for THz excitation. We include an initial version of a computer program for calculation of reflectivity and transmissivity functions using the S-matrix formulation. Aspects of this specific software implementation are discussed. In addition, we describe a procedure for calculating response spectra using DFT for use as input to the S-matrix model. For this purpose we have adopted the DFT software NRLMOL.
Introduction
This report describes an initial construction of a general framework for numerical simulation of the various possible types of scenarios that could possibly occur for the detection and remote activation of improvised explosive devices (IEDs) by excitation of incident electromagnetic waves. This general framework consists of a set of component models, each of whose structure permits the output of given types of information. The model representing the central component of this framework, to which the outputs of all the other component models are inputs, is that of an S-matrix representation of a multilayered composite material system, where each layer of the system is characterized by an average thickness and effective electric permittivity function [1] . The outputs of this primary component are the reflectivity and transmissivity as a function of frequency and incident angle of the incident electromagnetic wave. The other component models, whose outputs are input to the S-matrix model, are response spectra calculated using density functional theory (DFT) [2] [3] [4] and related methodologies, parameterized analytic function representations of the electric permittivity as a function of frequency obtained by fitting experimentally measured spectra, and effective permittivity functions whose construction is based on effective medium theory (EMT) and roughness models. We review those physical theories establishing the foundation of the component models and a prototype simulation that considers response characteristics for THz excitation. We include an initial version of a computer program for calculation of reflectivity and transmissivity functions using the S-matrix formulation. Aspects of this specific software implementation are discussed. In addition, we describe a procedure for calculating response spectra using DFT for use as input to the S-matrix model. For this purpose we have adopted the DFT software NRLMOL.
It is significant to note that the numerical-simulation framework to be presented is structured for two major purposes, which are complimentary. One purpose, which relates directly to practical application, is simulation of various possible scenarios for detection of IEDs corresponding to the presence of various types of intermediate material layers between explosive and detector. The other purpose, which relates indirectly to practical application, but is yet extremely important for the interpretation and design of detection strategies, is the quantitative analysis of absolute bounds, or rather, the inherent limitation on levels of detection associated with various types of detection strategies. With respect to the purpose of examining inherent limitations on IED detection, the dominant features of response spectra that are calculated using DFT provide a foundation for establishing what level of detection is achievable in the absence of instrumental and environmental factors associated with detection. Accordingly, the simulation framework presented here considers a specific application of DFT. For any given energetic material and frequency range of the incident electromagnetic wave, the output of the DFT model component is a set of response signatures that are each characterized by an excitation frequency, magnitude and width. These response signatures must then be used to construct permittivity functions, which represent the form of input to the S-matrix component of the simulation framework.
A significant aspect of the numerical-simulation framework presented is that it adopts the perspective of computational physics, according to which a numerical simulation represents another source of "experimental" data. This perspective is significant in that a general procedure may be developed for construction of permittivity functions that uses both DFT calculations as well as experimental measurements. That is to say, for the purpose of simulating many electromagnetic response characteristics of energetic materials, DFT and associated methodologies such as tight binding (TB) methods, are sufficiently mature for the purpose of generating data that complements experimental measurements rather than simply providing verification.
General Simulation Framework
A schematic representation of the general framework for numerical simulation of IED response is shown in Fig. 1 . It should be emphasized that this represents an initial construction and that the general framework shown in Fig. 1 is subject to subsequent refinement and modifications with respect to the paths of input and output from the different model components comprising the framework. Referring to Fig. 1 , it should be noted that the primary input to the model system is the set of permittivity functions that are associated with the different layers of material making the system.
Description Of Component Models

S-Matrix Representation of Layered Composite System
The central component of the general simulation framework, to which the outputs of all the other component models are inputs, is that of an S-matrix representation of a multilayered composite material system, where each layer of the system is characterized by an average thickness and effective electric permittivity function (see [5] ). The outputs of this central component are the reflectivity and transmissivity as a function of frequency, incident angle and polarization of the incident electromagnetic wave. The formulation of the S-matrix representation is defined by the following system of equations.
The reflectivity R and transmissivity T functions are given by 
respectively, where the S-matrix elements S ii are define by the matrix relation
where 
for an s-polarized incident wave, where
Here, 0 is the permittivity function of the transparent ambient layer, a and b are the permittivity functions for layers "a" and "b," respectively. The matrix L j [ ] is defined by the matrix relation
where
and j is the permittivity functions for layer "j". The layer indexing used in Eqs. (1) through (8) 
Dielectric Permittivity Functions
The set of permittivity functions that are associated with the different layers comprising the layered composite system represent the primary input to the S-matrix model component. These functions are to be constructed in principle for a given material according to a "best fit" of available information associated with the electromagnetic response of that material. For a given material this information consists of data obtained from both experimental measurements, e.g., reflectivity and absorption measurements, and numerical simulations based on basic principles, e.g., DFT and TB calculations. It is significant to note that the best fit to the electromagnetic response of a given material will depend on the specific response signature characteristics of that material. Accordingly, from the perspective of numerical simulation, a best fit can be in the form of a tabulated functional dependence, as well as representations using analytical functions.
There are specific materials that are typically present in the ambient environment associated with IED detection as well as the detection of other types of materials, e.g., water and water vapor. Accordingly, the electromagnetic response characteristics of these materials have received a considerable analysis by many groups and are available. It follows that the permittivity functions of these materials should represent a permanent "data base" component of the general simulation framework. An example of the measurement of absorption coefficients of selected explosives that are covered by different types of materials (plastic, cotton and leather) are given in Ref. (6) .
Density Functional Theory and Related Methodologies
The application of density functional theory (DFT) and related methodologies for the determination of electromagnetic response characteristics is important for the analysis of parameter sensitivity. That is to say, many characteristics of the electromagnetic response of a given material may not be detectable, or in general, not relevant for detection. Accordingly, sensitivity analyses concerning the electromagnetic response of layered composite systems can adopt the results of simulations using DFT, and related methodologies, to provide realistic limits on detectability that are independent of a specific system design for IED detection. In addition, analysis of parameter sensitivity based on atomistic response characteristics of a given material, obtained by DFT, provide for an "optimal" best fit of experimental measurements for the construction of permittivity functions. It follows that within the context of parameter sensitivity analysis, data obtained by means of DFT represents a true complement to data that has been obtained by means of experimental measurements.
Experimental Measurements
The dominant amount of information that is adopted for the construction of permittivity functions is obtained from experimental measurements of electromagnetic response characteristics. Some major issues associated with these constructions are that such experimental measurements typically involve bulk material response characteristics as well as measurement errors due to sample surface preparations and artifacts due to ambient environmental influences. These issues are significant in that the permittivity functions adopted as input are typically assumed as being associated with "pure" materials as well as representative of response characteristics on a small scale that may be typical of thin film type layers. As in the case of response characteristics that are determined via atomistic calculations, certain response features associated with response characteristics determined by experimental measurement may not be significant for the simulation of IED detection. That is to say, certain features such as the locations and amplitudes of response spectra may be significant for inclusion into model representations, while only a reasonable estimate of the widths may be necessary. It follows that sensitivity analysis for parameterizations of experimental measurements is as relevant as those associated with theoretical predictions. Such analysis is another application goal of the simulation framework presented here.
Effective Medium Theory (EMT), Equivalent Layers and Roughness Models
Consistent with the goal of determining absolute limitations on detectability of IEDs by means of electromagnetic excitation is the construction of models of material response that are representative of a general class of materials and detection scenarios, in contrast to models that would tend to be associated with a specific experimental arrangement in the laboratory. Accordingly, the concepts of an "effective medium" and "equivalent layer" are significant in that their consideration for model construction can provide quantitative bounds on detectability for a wide range of detection scenarios. In particular, these concepts can provide a foundation for the parametric representation of surface roughness and inhomogeneities on various spatial scales in the ambient environment.
The formal structure of all continuum effective medium theories (EMTs) are based on mixing rules that are functions of the different permittivities making up the composite material (See [7] and references therein for further discussion of EMTs).
The concept of an equivalent layer is based on the fact that a given range of different types of layer structures can have the same average response characteristics. Accordingly, a layer structure that is within this range can be represented by means of an equivalent layer whose construction does not require consideration of many details associated with its composition. A particular case of the application of the concept of an equivalent layer in combination with EMT is the construction of roughness models for the representation of rough surface structure.
Prototype Analysis (THz Excitation)
Presented in this section is a prototype simulation for demonstrating some aspects of the relationship between the various model components that comprise the general simulation framework. For this simulation the response of a layer of HMX to THz excitation is considered [8] [9] [10] .
Shown in Fig. 3 are the real and imaginary parts of a permittivity function corresponding to the electromagnetic response of HMX to excitation within the THz range of frequencies. This permittivity function is significant in that it has been constructed using DFT calculations that have been calibrated with reference experimental measurements. Accordingly, the approach followed for construction of this permittivity function is that which has been adopted for the construction of permittivity functions within the simulation framework presented, i.e., a best fit to the combination of both theoretical calculations and experimental data.
Shown in Fig. 4 are reflectivity functions corresponding to s and p-polarization of the incident wave. The layered system consists of a layer of HMX upon a gold substrate. The reflectivity functions shown in Fig. 4 , in principle, would represent the starting point for any study concerning absolute bounds on the detectability of HMX under different environmental conditions (i.e., surface layers and ambient environment) and detection scenarios. 
Analysis Of Permittivity Functions Using DFT
The general approach of constructing permittivity functions according to the best fit of available data for given material corresponding to many different types of experimental measurements is not unprecedented and has been typically the dominant approach, e.g., the permittivity function of water. The general simulation framework presented here considers an extension of this approach in that calculations of electromagnetic response based on DFT and associated methodologies are also adopted as data for construction of permittivity functions. The inclusion of this type of information is significant for accessing what spectral response features at the molecular level are actually detectable with respect to a given set of detection parameters. Accordingly, permittivity functions having been constructed using DFT calculations provide a quantitative correlation between macroscopic material response and molecular structure. Within this context it is not important that the permittivity function be quantitatively accurate for the purpose of being adopted as input for system simulation. Rather, it is important that permittivity function be qualitatively accurate in terms of its general features for the purpose of sensitivity analysis, which is relevant for the assessment of absolute detectability of different types of molecular structure with respect to a given set of detection parameters. That is to say, permittivity functions that have been determined using DFT can provide a mechanistic interpretation of material response to electromagnetic excitation that could establish the well posedness of a given detection methodology for detection of specific molecular characteristics. Within the context of practical application, permittivity functions having been constructed according to the best fit of available data would be "correlated" with those obtained using DFT for proper interpretation of permittivity-function features. Subsequent to establishment of good correlation between DFT and experiment, DFT calculations can be adopted as constraints for the purpose of constructing permittivity functions, whose features are consistent with molecular level response, for adjustment relative to specific sets of either experimental data or additional molecular level information. The construction of permittivity functions using DFT calculations involves, however, an aspect that requires serious consideration. This aspect concerns the fact that a specific parametric function representation must be adopted. This significant aspect of constructing permittivity functions using DFT, and related methodologies, is shown
Parametric Functional Representation
Dielectric Permittivity Functions
Density Functional Theory (DFT) Data Space Containing Addition Constraint Information explicitly in Fig. 5 . Accordingly, any parametric representation, i.e., parameterization, adopted for permittivity-function construction must be physically consistent with specific molecular response characteristics, while limiting the inclusion of feature characteristics that tend to mask response signatures that may be potentially detectable.
In principle, parameterizations are of two classes. One class consists of parameterizations that are directly related to molecular response characteristics. This class of parameterizations would include spectral scaling and width coefficients. The other class consists of parameterizations that are purely phenomenological and are structured for optimal and convenient best fits to experimental measurements.
At this stage it is instructive to present a prototype calculation demonstrating analysis, e.g., interpretation, of permittivity-function features using DFT calculations. Consistent with the prototype simulation presented above, a permittivity function is constructed using DFT calculations for HMX response to THz excitation. Shown in Fig. 6 is a general description of the geometry of the HMX molecule that was adopted for calculation of a permittivity function using DFT. That is to say, the molecular structure that was input to the DFT software NRLMOL. Shown in Figs. 7 and 8 are absorption coefficients corresponding to different adjustable spectral scaling and width parameters. Remark. It is significant to note that with respect to practical application the absorption coefficient where , r and i are the wavelength of excitation, and the real and imaginary parts of the permittivity function, respectively, provides a direct relationship between a calculated quantity using DFT and a "conveniently measurable" quantity .
Next, we consider a qualitative example of examining the correlation between DFT calculated permittivity functions and experimental measurements. Referring to Fig.  9 , which shows an experimentally determined absorption coefficient for HMX (see Ref. (7)), we note good correlation between the permittivity functions (in terms of their representation) obtained by DFT (using NRLMOL) and experiment. Most importantly, the level of correlation is sufficient to establish a "proof of concept" that DFT calculations provide a quantitative initial estimate of molecular response to electromagnetic excitation for subsequent parameterization [11] [12] [13] . As indicated previously, the parameterizations applied to DFT calculations will in general consist of two classes of parameterizations, i.e., one consistent with basic theory and the other consistent with optimal and convenient best fitting of experimental measurements. Accordingly, one class of parameterization defines a problem requiring further analysis in terms of basic theory [8, 10, 14, 15] , while the other class defines a problem requiring analysis in terms of inverse-problem and parameter-optimization methodologies [16] . Experimentally determined absorption coefficient for HMX for THz range of frequencies (see [8] ).
Conclusion
The development of IED detection methodologies requires the consideration of two major aspects of detection. These are the detectability of IEDs under different types of environmental conditions and detection scenarios; and the absolute detectability of the different types of response characteristics of energetic materials due to electromagnetic wave excitation. Accordingly, within the context of practical application of IED detection methodologies, it remains necessary to establish correlation with response properties on the molecular level. It is therefore necessary to construct two types of permittivity functions. One type, whose purpose is the simulation of detection scenarios, represents the best fit to available data, which could include both experimental measurements and calculations based on theory. The other type, obtained using DFT, is that of a reasonably optimal parametric representation of molecular level response characteristics, providing interpretation of permittivity-function features at the molecular level, whose purpose is that of initial constraints for subsequent adjustment relative to specific sets of either experimental data or additional molecular level information. It follows that the establishment of a general constrained parameterization of IED response based on both theory and experiment, combined with quantitative sensitivity analyses of this parameterization, will provide an assessment of the general detectability of IEDs independent of specific detection scenarios.
Appendix 1 Computer Program For Calculation Of S-Matrix
Presented in this section is an initial version of a computer program, i.e., the "SMatrix code" (in Fortran 77) for calculation of the reflectivity and transmissivity function using the S-Matrix representation of a multilayered composite material system. 
C-------------SUBROUTINES-----------------------------------
The first line is for units (0 -CGS; 1 -SI) and scan type (0 -angle scan; 1 -wavenumber scan). The second and the third lines contain the range of scan, the number of mesh points and the bin size: the second line is for the wavenumber scan and the third line is for the angle scan. The fourth line contains the number of layers (excluding ambient layer and substrate). The fifth line is a divider. The sixth line is for the path and the file name of the data file of the ambient layer. The sixth line is a divider. The seventh line is for the path and the file name of the data file of the first layer. The eighth line contains the thickness of the first layer. The last sequence of lines (from the sixth to the eighth is repeated as many time as many layers are declared on the fourth line plus one extra set for the substrate (layer 3 in our example).
2. Place data files for each layer at the location specified in MLAYER.INP file. 
EM Response Calculations using DFT
Presented in this section is a brief tutorial that describes the sequences of procedures for calculation of response spectra using density functional theory (DFT). The simulation framework presented here adopts the DFT software NRLMOL. In that NRLMOL is a general purpose DFT model for application to many different types of analysis, this tutoring is structured to put emphasis on those aspects and associated procedures of NRLMOL that are important for the numerical-simulation framework presented here. 
